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The authors report observations of thermal-induced entropy elasticity and the Gough-Joule effect for
a glassy alloy, Pd40Cu30Ni10P20, in terms of acoustoelasticity. Seven kinds of elastic parameters of
the glassy alloy have been simultaneously measured as a function of temperature ranging from
298 to 673 K. The decrease in elastic moduli and Poisson’s ratio and the increase in tension below
the second-order-like phase transition temperature suggest rubberlike thermal dynamic
micro-Brownian stretching, described as FPa=0.282T+562, which may be associated with the
rotational and vibrational motions of polyhedron clusters. © 2006 American Institute of Physics.
DOI: 10.1063/1.2345260Glassy alloys are peculiar metallic alloys that lack the
long-range cyclic order of normal, crystalline alloys. Much
attention has been devoted to the glass forming ability of
atoms of different types in glassy alloys,1 i.e., their cluster
structures,2 structural relaxation during annealing,3 and po-
tential applications.4 Indeed, their exceptional magnetic and
mechanical properties have been used commercially. How-
ever, in addition to these characteristics, it is also important
to observe their acoustic properties in disordered phase dur-
ing heating.
Our interest lies in simultaneously determining seven
kinds of elastic parameters of a chilled glassy alloy
Pd40Cu30Ni10P20 with elongation of 1400% Ref. 5 and
experimental detection of Gough-Joule effect in terms of
thermoelasticity. As far as we know, however, no research
work has been carried out previously on the simultaneous
measurement of all the elastic parameters and detection of
Gough-Joule effect for glassy alloys. Rubbers are character-
ized by five characteristics: 1 low Young’s E and shear
G moduli compared with crystalline solids, 2 high elon-
gation 350% , 3 thermally induced elasticity, 4 large
Poisson’s ratio  0.42–0.48, and 5 generation or absorp-
tion of heat under adiabatic dilation or compression, respec-
tively the Gough-Joule effect.6
The second potential energy between atoms directly
dominates elastic moduli, and hence the elastic moduli are
important parameters for thermodynamic evaluation of
glassy alloys. Since glassy alloys without crystal structure
can be treated as an isotropic elastic medium a solid that
does not have a preferred orientation, Young, shear, and
bulk K moduli, Lamè parameter , compressibility ,
Poisson’s ratio, and Debye temperature D of the glassy
alloy can be precisely calculated using both longitudinal and
transverse velocities with the same frequency.7
The specimen density of 9.285 Mg/m3, Tg=560 K,
produced by an injection casting method,8 was in the form of
a long rod 10 mm in diameter and 8 mm in length fastened
to a stainless steel waveguide with threads of pitch 1.5 mm,
using a domed cap nut made of stainless steel. Naphtenic
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a couplant medium between the specimen and the waveguide
to improve nonequilibrium of heat distribution for the
sample in a previous paper.10 We used a longitudinal wave
generating piezoelectric transducer with 7 MHz frequency as
an optimum frequency. The specimen was measured from
298 up to 673 K at a heating rate of 0.03 K/s in an argon
atmosphere at ambient pressure. The difference between the
top and the bottom of the specimen was ±0.5 K during mea-
surement. The experimental procedure is described in a pre-
vious paper.7,11 For calculation of the Debye temperature,12
we used 3 as the number of degree of freedom and 1.318
10−29 m3 as the average atomic volume.
The Gough-Joule effect was investigated using a glassy
alloy bolt. The specimen was in the hollow, straight form of
a long rod 3.8 mm in diameter and 8 mm in length unified
by a screw bolt with a hexagonal head, long rod 5 mm in
diameter and 13 mm in length and threads of pitch 0.8 mm
Fig. 4, insert. A load cell was inserted between the bolt
head and a spherical brass holder. The specimen was hori-
zontally torqued by a stainless steel nut, which was tightened
using a spanner. The heat transfer change was measured by a
spherical resistance thermocouple with accuracy of 1 mK
of 0.1 mm in diameter, which contacts the surface of the
narrow rod by varnish drop. In isotropic solids, E and G are
uniaxial volume-preserving moduli, while K and  are three-
dimensional volume-nonpreserving ones.7 Temperature de-
pendence of four elastic moduli—E, G, K, and —is shown
in Figs. 1a and 1b, respectively. E and G show a negli-
gible increase up to around 470 K and then subtly decrease.
By striking contrast, K and  moduli decrease noticeably
with increasing temperature, then jump up to around 500 K,
and decrease again more gently. The order of magnitude of
the four elastic moduli is K, , E, and G, showing that the
glassy alloy readily undergoes dilational and shear deforma-
tions, but resists volumetric bulk deformation, so G or E
K. We have observed the same order for elastic moduli of
amorphous polymers and rubbers.13
From comparison of the large increase in bulk moduli
with the small one in shear moduli at 500 K, the peak ap-
pears to correspond to the second-order-like phase transition
© 2006 American Institute of Physics3-1
AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
101903-2 Fukuhara, Inoue, and Nishiyama Appl. Phys. Lett. 89, 101903 2006associated with the three-dimensional volume-nonpreserving
volumetric distortion14 rather than the volume-preserving
one, because the thermodynamics of the second-order phase
transition yields an anomaly in K at the transition
temperature.15 However, the potential energy minimum
among atoms in the multicomponent glassy alloy is not as
rigid as that of the crystalline one, so that the transition point
is strictly not the second order. Therefore the transition may
be the -softening glass transition corresponding to relax-
ation motion, which is often observed in amorphous
polymers.11 In high polymers containing rubbers, further-
more, the decrease in elastic moduli has been observed at
lower temperature below their glass temperature polyimide:
0.84Tg;11 polycarbonate: 0.61Tg13 because rubbery elasticity
does not occur until frozen molecular segments begin to
thaw. For the alloy of interest, it was 0.84Tg.
Next we show the temperature dependence of elastic De-
bye temperatures D in Fig. 2. The Debye temperature
shows almost no change within a temperature variation of
±1.5 K over the whole determined temperature range, indi-
cating negligibly tiny change in the maximum frequency al-
lowed, i.e., the effective atomic distance for the transition.7,14
FIG. 1. Temperature dependence of a Young and bulk moduli and b
shear modulus and Lamè parameter for glassy alloy Pd40Cu30Ni10P20.
FIG. 2. Temperature dependence of Poisson’s ratio and Debye temperature
for glassy alloy Pd40Cu30Ni10P20.
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ture region of interest.
We then evaluate Poisson’s ratio. Temperature depen-
dence of Poisson’s ratio Fig. 2 resembles that of K and  as
shown in Fig. 1. The decrease up to 480 K demonstrates
enhancement of toughness in the volume-nonpreserving dis-
tortion. Such a decrease is an unusual behavior for metals
and alloys, which are generally softened on heating. The na-
ture of the toughness in a qualitative way can be interpreted
as analogous to cases of amorphous rubber stretching,16 as
well as amorphous polymers.11 Here it is well known that
entropy elasticity in rubber with chain polymers is attributed
to micro-Brownian rotation based on the thermoelastic
effect.17 Hence, by analogy, we infer that the entropy elastic-
ity in glassy alloy is related to micro-Brownian stretching,
corresponding to the decrease in entropy on heating. Indeed,
Elliot18 has reported that medium-range order polyhedron
and cagelike molecular clusters in covalently bonded amor-
phous solids are responsible for symmetrical stretching vi-
brational and rotational diffusional motions, respectively.
The metal-metalloid glassy Pd40Cu30Ni10P20 alloy has two
typical polyhedra: a trigonal prism capped with three half
octahedral and a tetragonal dodecahedron.2 The glassy alloy
is to the four-body correlation with torsion motion what the
rubber is to the paraffin or polyethylene bonds permitting
free rotation of Ccarbon-Ccarbon bonds.
To determine the rubbery elasticity, we calculate the
temperature dependent force of the circular cylinder glassy
alloy by using the definition of compressibility, −V /V
=F, where F is the load. If we assume V /V=	1+	2
+	3 for small V, and 	2=	3=0.02 for lateral surface,19 the
rubberlike tension as longitudinal force can be obtained Fig.
3a. The tension between 398 and 480 K can be plotted in
a linear form as
FPa = 0.282T + 562. 1
The intercept 562 Pa is energy elasticity, U /	T,
which is the repulsive stress against the binding inner en-
ergy U between atoms in the alloy. The tension force
650 Pa at room temperature is considerably lower than that
29 kPa of vulcanized rubber,20 indicating the total amount
of entropy contribution for elasticity. The rubberlike entropy
elasticity model based on the stretching rotational and vibra-
tional motions of polyhedral clusters18 or locally collective
FIG. 3. a Temperature dependent tension and b model of entropy elas-
ticity for glassy alloy in thermoelastic effect. The solid circles are polyhe-
dron units.atomic motion that corresponds to a hingelike motion be-
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ing edges21 is presented in Fig. 3b. Finally, to certify the
entropy elasticity of the glassy alloy, we looked for a pos-
sible Gough-Joule effect by using the glassy alloy bolt. The
change in heat transfer as a function of tensile stress is
shown in Fig. 4. When tension up to 400 MPa is applied to
the glassy alloy, temperature increases in a zigzag pattern,
and then decreases with holding time, showing the occur-
rence of the Gough-Joule effect. The zigzag behavior may
result from a friction problem between the thread and nut or
from the delay of heat transfer for stress value response.
Since finite strain destroys the isotropy of the glassy alloys,
we must further conduct pure homogeneous test based on
general theory of Rivlin22 that makes use of strain invariants.
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